Abstract. We present design considerations for the use of laser-plasma accelerators for mimicking space radiation and testing space-grade electronics. This novel application takes advantage of the inherent ability of laser-plasma accelerators to produce particle beams with exponential energy distribution, which is a characteristic shared with the hazardous relativistic electron flux present in the radiation belts of planets such as Earth, Saturn and Jupiter. Fundamental issues regarding laser-plasma interaction parameters, beam propagation, flux development, and experimental setup are discussed.
Introduction
At the end of the 20th century, laser systems and laserplasma interaction experiments were already capable of producing relativistic electron beams with multi-MeV energies and even up to hundreds of MeV with exponential energy distribution (Malka et al. 2002) . Since the first demonstration of the production of quasimonoenergetic beams with laser-plasma accelerators (LPAs) in 2004 (Faure et al. 2004; Geddes et al. 2004; Mangles et al. 2004) , the main goal of the laser-plasma acceleration community was to increase the energy and to decrease the energy spread, divergence, and emittance of electron bunches. These goals have been met with great success, and contributed to a booming research field. At the same time, laser-plasma technology and acceleration techniques have advanced substantially, and LPA facilities are now mushrooming all over the world.
In addition to this trend, here we present design considerations on a novel application of LPAs with potentially large scientific and economic impact, which makes use of the very same exponential-energy electron beams which have been already available from LPAs for more than a decade. Generating exponential particle beams is the inherent domain of LPAs. In contrast, typical classical particle beam sources, such as linacs and cyclotrons, produce particle beams with very narrow energy spread. This is the result of the completely different injection and acceleration processes involved. For example, in a linac the cavities accelerate injected electrons in phase and naturally lead to monoenergetic beams. In contrast, most LPA scenarios lead to exponential-energy beams. For example, when making use of underdense, gaseous target media, the laser pulse travels with a group velocity v g <cin the plasma, and therefore the accelerating trailing plasma blowout cavity travels with a phase velocity, v ph = v g <c ,t o o .T h e r e f o r e ,e l e c t r o n s that are accelerated to relativistic energies and travel at velocities ∼ c are faster than the accelerating cavity, which means that they will dephase and move forward within the plasma blowout cavity. Within the blowout, the accelerating field is in dependence to the longitudinal position, the electric field at the bubble end being the highest, and being zero in the middle of the bubble. Since in addition the dimensions of the plasma bubble are typically of the order of tens of microns, only the accelerating electric field and thus the energy, which individual electrons obtain, change in the order of GV/m depending on their initial time of injection and momentum. A typical result of such an acceleration scenario is a beam with exponential energy distribution. When instead laser-plasma interaction with overdense, solid media is used, this also typically leads to exponentialenergy electron beams. In that case the laser pulse cannot propagate through the medium but is reflected. However, some 10% of the laser energy is converted irreversibly into kinetic energy of electrons due to the figure-of-8 movement of electrons in the oscillating, focused, transient, and reflected electromagnetic laser pulse field. This results in an electron beam with exponential energy distribution propagating in the forward direction with a broad divergence angle of the order of some 20
• . The difference of the exponential-energy electron beams from laser-underdense and laser-overdense interaction is that with laser-gaseous interaction, typically the electron energies obtained are much higher and the divergence angle is much smaller than with laser-solid interaction.
Such exponential-energy beams have so far mostly been regarded as undesired on the way toward monoenergetic electron beams. However, it has recently been recognized that very similar exponential-energy particle flux exists in space too, and that LPAs can be highly efficient and advanced tools to reproduce such a radiation here on Earth . For example, in the radiation belts of planets with magnetic fields, such as Earth, Saturn and Jupiter, energetic electrons are accelerated and form intense, directed electron flux with exponential energy distribution. These energetic electrons are a substantial threat for satellites and other spacecraft, since they can severely damage electronics on board and solar cells for power generation, for example. This has to be seen in the context of the fact that radiation hardness quality testing, management, and assurance are among the most resource-draining processes in spacecraft design and technology (Garrett 1998) , but is also one of the most important issues of space exploration since it can decide if a mission fails or succeeds in the harsh radiation environment of space.
Radiation belt electrons
The radiation belts of Earth, the van Allen belts, consist of an inner and an outer radiation belt, separated by a 'safe zone'. While the inner radiation belt is dominated by energetic protons, the outer radiation belt is dominated by electrons with energies up to ∼10 MeV, sometimes dubbed as 'killer electrons' due to their hazardousness for electronics as well as biological systems. The outer radiation belt typically extends from an altitude of about 3 to 10 Earth radii R E , corresponding to some 13,000 to 60,000 km, with the highest electron flux usually encountered between 4-5 R E . Understanding of the nature of the acceleration mechanisms, which do involve plasma waves, is subject to ongoing research (Horne et al. 2005; Chen et al. 2007; Horne 2007) . Same holds for the mapping and prediction of particle flux in the radiation belts, which is also a highly active field of research since the discovery of the van Allen belts (Van Allen and Frank 1959). The electron flux within the belts, as well as the extension of the belts, can vary substantially and is connected to solar activity. Figure 1 (a) gives an overview on the electron flux predicted by NASA's standard model AE8 max (NASA 2011) during solar maximum activity for Earth radii ranging from L = 1-10 in the energy range of E = 0.1-7 MeV. As shown in Figure 2 , during minimum solar activity, the values for the electron flux are lower by a factor of 3, while the spectral shape stays the same. As can be seen, the electron flux is especially strong at Earth distances, which are used by satellite systems near medium Earth orbit (MEO) as important as GPS and upcoming Galileo, and where the geosynchronous orbit (GEO) is located. The same data are visualized in a 3D color plot in Fig. 1(b) . The z-axis is scaled logarithmically, and the grid lines indicate clearly that the flux energy distribution mostly follows an exponential decay for different L-values. This means that the energy distribution of the van Allen belt electron flux for certain L-positions can be described roughly via N(E)=N 0 e −E/k B T -afeaturewell known from electron beams generated by LPAs. In LPA research, k B T = T eff is called the effective temperature of the beam. This indicates that the directed electron flux on stationary orbits can be reproduced by exponential electron beams from LPAs by varying the temperature of the LPA-generated electron beam. This would constitute a fundamental advance, since the current state-of-the-art in radiation testing does so far not involve reproducing the exponential electron flux -simply because particle sources such as LPAs, which enable controlled, tunable exponential-energy flux, have hitherto not been known in the radiation testing community -but instead uses more simplified methods, making use of more conventional particle sources. For example, one basic and widely used approach is to use radiation generated by radioactive sources such as 60 Co (γ-rays and electrons) to evaluate total-dose effects. By varying the distance from the radioactive source and/or the time of irradiation, the total dose received by the device under test (DUT) is tuned. In addition, to produce electron flux of a certain monoenergetic energy, linacs are widely used. However, such monoenergetic electron flux does not exist in space. For this application, the ability of LPAs to produce flux with exponential energy distribution such as present in the radiation belts is therefore highly desirable. Figure 3 shows explicitly that at certain fixed orbits the radiation belt electron flux follows an exponential decrease. As an example, the electron flux at L =3 .17 (GPS), L =3.65 (Galileo), and L =6.65 (GEO) are plotted. By fitting an exponential decay function, effective temperatures T eff ≈ 0.4-0.62 MeV can be deduced.
Monoenergetic beams are not well suited to reproduce the specific features of such flux with roughly exponential energy distribution. This is true for flux incident on the space vessel, and also after passing through thin layers of matter -which corresponds to spacecraft shielding and therefore is a very relevant scenario. To illustrate and underline this, Fig. 4 (a) shows how a monoenergetic beam of energy E = 4 MeV is decelerated and damped when passing through matter. The flux has been calculated making use of the Monte Carlo code, MULASSIS (Lei et al. 2002) , which was developed explicitly for radiation shielding analysis. The marks (i), (ii), (iii), and (iv) correspond to the flux after 1, 2, 3, and 4 mm of aluminum. In contrast, Fig. 4 (b) shows how the flux changes when an exponential-energy beam with T eff = 2 MeV is incident on the same shielding. The spectral flux is damped, but apart from the low-energy cutoff, still has an exponential shape. This behavior is complemented by the results of the total ionizing dose (TID) calculations, which have been carried through for the monoenergetic and exponential-energy beams, and are given in Figs. 4(c) and (d). The TID increases during passage through the solid aluminum in case of the 4 MeV beam (Fig. 4(c) ), and reaches its maximum after about 3 mm, when a large fraction of particles has been decelerated down to low energies, and their energy is deposited. In contrast, with the exponential energy flux (Fig. 4(d) ) the TID decreases constantly during passage through matter, which is the realistic case expected for radiation belt electrons too. These very fundamental considerations show that exponentialenergy beams are much better suited when compared with monoenergetic beams to reproduce radiation belt electron flux, and thus would enable to develop advanced radiation hardness testing procedures and standards. LPAs are ideally suited as such radiation sources.
Electrons in the outer van Allen belt have maximum energies of up to E ≈ 10 MeV. Laser interaction with overdense targets can produce reliably exponential energy electrons in this energy regime with high charge, and is therefore highly suited for this scenario. Furthermore, scaling laws are well known, which predict the electron temperature as a function of laser intensity I. These scalings are subject of research since decades and describe the dependence of non-relativistic (Forslund et al. 1977 ; Flux (a.u.) Flux (a.u.)
Energy ( (d) show the total ionizing dose (TID), which is deposited in a 6-mm tick aluminium wall after irradiation by monoenergetic and exponential beams, respectively. Estabrook and Kruer 1978; Harrach and Kidder 1981) as well as relativistic laser intensities (Gibbon and Förster 1996) . Empirically, a power-law scaling T eff ∝ (Iλ 2 ) ζ , where λ is the laser wavelength, describes the effective electron temperature, where ζ typically ranges between 1/2 and 1/3 (Gibbon and Bell 1992) . According to Wilks et al. (1992) , ζ =1 /2 in the intensity range of Iλ 2 ≈ 1.3 × 10 18 Wµm 2 /cm 2 to Iλ 2 ≈ 1.4 × 10 19 Wµm 2 /cm 2 , resulting in the explicit scaling, which can be expressed as I(W/cm 2 )=1.37 × 10 18 /λ(µm) 2 × ((T eff /m 0 c 2 +1) 2 − 1) and defines an intensity working point suitable to produce flux with the aim temperature. This scaling has been studied analytically in simulations and experimentally in a wide parameter regime in Pukhov et al. (1999) and Sheng et al. (2000) . In another well-known work in the intensity range of some 10 16 W/cm 2 to 10 19 W/cm 2 (Beg et al. 1997 ), a value of ζ =1/3 is inferred, leading to a scaling I(W/cm 2 )=T eff (MeV) 3 × 10 20 . Now to produce electron flux with an electron temperature of T eff ≈ 0.35 MeV, according to radiation belt flux at L =3 .5, the laser intensity on target (assuming that a Ti:Sa laser pulse with a central wavelength of about λ =0 .8 µm is used) should amount to values between I L=3.5 ≈ 3.9 × 10 18 W/cm 2 (ζ =1 /2) and I L=3.5 ≈ 4.3 × 10 18 W/cm 2 (ζ =1 /3). By integrating the differential flux according to NASA AE8, the total fluence on a vessel can be calculated and is the reference for LPAbased testing campaigns. For example, a total number of ≈ 3 × 10 12 cm −2 electrons can be estimated to be incident per day on a vessel operating at L =3 .5 during solar maximum activity. A corresponding practical scenario would be a satellite close to GPS orbits, where the electron flux can increase by about one or two orders of magnitude in rise times of the order of 1-2 days, for example (Varotsou et al. 2008) . A typical total charge, Q ≈ 100 nC, can be assumed to be emitted in the forward direction per shot by LPA interaction corresponding to 3.5% of the energy of a 1-J laser pulse, which is a typical energy value for the LPA driver pulse. At an intensity of about I L=3.5 ≈ 5 × 10 18 Wµm 2 /cm 2 , producing electron flux with a temperature T eff ≈ 0.35 MeV one would need only ≈ 5 laser shots, or half a second of LPA performance at 10 Hz repetition rate, in order to produce the total flux incident on a vessel at L =3.5 in space per day. However, this value is only theoretical and underestimates the total number of shots needed, since one cannot put the DUT directly behind the target, and the electron flux generated via laser-solid interaction is emitted in a cone with broad divergence. The divergence is also intensitydependent (Green et al. 2008; Hidding et al. 2011) , and amounts for the above-estimated intensity range to some 25
• full divergence angle. Assuming a radially Gaussian intensity distribution, a DUT with an area of Figure 5 . Reduction of exponential-energy electron flux due to energy-dependent velocities and divergence. In (a), the flux of a beam with T eff =0 .35 MeV, Q = 100 nC, and a divergence θ =2 5
• through a DUT area of 1 cm 2 is calculated at distances 0.1, 1, and 10 cm behind target (note the logarithmic scaling). Next, the influence of the divergence is visualized by plotting the flux through 1 cm 2 after a distance 1 cm (b) and 10 cm (c) for the beam with parameters as in (a), but for a hypothetical divergence of θ =0
• and 25
• . 1cm 2 , positioned at a distance of 10 cm away from the radiation source on axis, would need 56 shots in order to receive the maximum daily doses of a satellite surface. Similar to what is done in conventional radiation hardness testing with 60 Co sources, the received flux can be tuned by varying the distance. As a further remark, laser systems are currently under development which promise to produce multi-mJ energies at kHz repetition rates. Such systems would be focusable to intensities in the 10 18 W/cm 2 regime. With such systems, the yearly flux on a satellite could be reproduced within seconds in the laboratory. Similarly, it is conceivable to use a highpower, 10-Hz system, and to split the pulse into several delayed laser beams in order to increase the effective repetition rate.
There is a fundamental difference between radiation belt flux and LPA-generated flux. Radiation belt flux is quasi-continuous whereas LPA-generated electron flux is initially pulsed since it is generated during the laser pulse interaction with plasma electrons. At the source the duration of the individual electron beams is equal to the laser pulse duration. However, since we have exponential energy distribution, due to dispersion the time of flight of the electrons to the target is massively different for particles with different energies up to ≈ 1 MeV, which leads to a dramatic thinning out and a reduction of peak flux after centimeter scale propagation. Also, the spatial inhomogenity of the beam is reduced in the same way due to the finite opening angle of the beam. As an example, Fig. 5(a) shows the reduction of flux of a LPAgenerated beam with T eff =0.35 MeV, Q = 100 nC, and a divergence θ =25
• through a DUT area of 1 cm 2 after distances of 0.1, 1, and 10 cm. This shows that the peak flux is reduced by more than two orders of magnitude, while the beam is stretched out in time. In Fig. 5(b) and (c), the influence of the finite divergence is illustrated by plotting the flux through the 1-cm 2 test area after 1 cm (b) and 10 cm (c) if zero divergence (dashed line) and 25
• divergence (solid line) are assumed. Here, at a distance of 1 cm from target, most of the flux still goes through the DUT, while at 10-cm distance, the fraction on axis which will hit the DUT surface is much smaller and the peak flux will be lower.
The pulsed nature of LPA flux in combination with the tunable peak flux due to divergence and exponential energy distribution has positive as well as negative aspects. On the one hand, too high peak flux might lead to 'unnatural' effects, which would not occur in the quasi-continuous, comparably low-flux environment in the radiation belts. On the other hand, the ability to increase flux to high peak levels enables to study the threshold at which such nonlinear effects might occur. This can be also advantageous in the context of both natural as well as unnatural rapid flux release events.
Outer planets radiation belt electrons
Relativistic electrons are present in the radiation belts of all five strongly magnetized planets of our solar system, namely Earth, Jupiter, Saturn, Uranus and Neptune (Mauk and Fox 2010) . Mainly because the Jovian magnetic field is the strongest planetary field, and Jupiter's rotation is the fastest of all the planets, electrons reach the highest peak flux and energies in its orbits. Jupiter is currently in the focus of mission planning of both European Space Agency (ESA) as well as NASA, for example because of the possibility of life on Jovian moons. The extreme electron flux environment around Jupiter is a major challenge in the context of these missions. According to current models, which were developed after the first measurements of the Pioneer and Voyager probes (Fillius and McIlwain 1974; Divine and Garrett 1983; Bolton et al. 2002; Garrett et al. 2005; Horne et al. 2008; Tao et al. 2011) , the maximum electron energies in Jovian radiation belts can amount up to 100 MeV, maybe more, at flux levels, which can be much higher than in Earth's radiation belts. In Fig. 6(a) , as an example, the expected spectral flux is given for two distances around Jupiter, namely at 5 and 9 R J . It can be seen that the flux at 5 R J could be approximated by an exponential energy distribution.
Although the flux at 9 R J cannot be directly described by a single exponential function, it can be approximated by overlaying various different exponential spectra, as is shown in Fig. 6(b) . Here, three different exponential spectra with temperatures of T eff = 0.5, 6 and 32 MeV are used to approximate the actual expected electron flux. Such high energies and temperatures suggest the use of laser-underdense interaction to reproduce the Jovian radiation belt electron flux. In addition, it might be useful to additionally shape the resulting electron flux in a plasma wakefield accelerator stage similar to as described in RadiaBeam Technologies (2011) and Rosenzweig et al. (2011) . The reproduction and shaping of the extreme electron flux on specific Jovian missions by laser-plasma interaction is a unique possibility to test space electronics which are chosen for these missions in an unprecedentedly realistic environment. This will potentially increase the predictability and confidence level dramatically in mission component reliability, and could reduce the cost for the ESA and NASA missions (approximately with a billion dollar budget) as aimed at for the next decade.
As a side note, the reader from the laser-plasma acceleration community might find it intriguing to follow us with the idea that the natural acceleration processes, which are responsible for electron acceleration at Jupiter (Horne et al. 2008) , share a number of similarities with the basic principle of LPAs. Evidently, the mechanics that govern the respective acceleration process in detail are vastly different in an LPA compared with those in a radiation belt, which is clear when considering the vastly different densities, intensities, and time scales of both the processes. The similarities can be found as follows: In the first step volcanic activities on Jupiter's moon Io ejects gaseous matter into the magnetospherethe LPA analogue would be a gas jet nozzle. Next, sunlight and secondary electrons ionize this ejected matter (LPA analogue: the laser pulse). Finally, plasma waves (so-called 'whistler-mode chorus waves') are excited, which, under proper resonance and dephasing conditions ('gyro-resonance', Horne et al. 2008) can accelerate the electrons to relativistic energies. Future activities are currently in preparation which aim at reproducing outer planets' electron environment with LPAs.
Experimental setup for Earth radiation belt reproduction and electronics testing
We are currently working toward the first demonstration of the potential LPAs for the van Allen belt electron flux mimicking in a ground-based laboratory in an ongoing project. Based on the above considerations, we aim at TNSA-type (Wilks et al. 2001) laser-solid interaction in the intensity range of about I ≈ 5 × 10 18 W/cm 2 , which is a typical intensity value for the state-of-the-art LPAs and can easily be reached by commercially available systems such as the one described in Willi et al. (2009) . In such an interaction scenario, not only electrons but also protons and ions are accelerated during the plasma expansion. Since in this proof-of-principle experiment we aim at using the LPA electron flux only, we will block the expected low-energy protons by a simple Al plate with a thickness of 1 or 2 mm. As a side note, protons and ions within the reach of LPAs are also of interest for space radiation studies ), but are not considered here since Earth's outer radiation belt are the best suited candidate to demonstrate the potential of LPAs in a proof-of-principle phase. Figure 7 shows the setup for testing and monitoring of the electron flux. In Fig. 7(a) , a compact view is presented, while Fig. 7(b) shows an exploded view of Figure 7 . (Colour online) Experimental setup to be used for first irradiation tests. The exponential electron and proton flux from a laser-solid interaction will be incident on an mm-thick shielding for blocking protons and ions. After irradiating the DUT will pass through a sandwich image plate stack for radiation monitoring, and afterwards the electron beam will be further analyzed on axis by monitoring the energy distribution in a magnetic spectrometer (a). In (b) an exploded view of the light and proton shielding plate, the DUT holder plate, as well as the holed IP stack are shown. the first part of the setup. Behind the proton shield, the DUTs, which in the case of simple components can be devices of the order or 1 cm 2 or even smaller, are placed on a holed holding plate. In this case, the DUTs do not block completely the large-divergence electron flux (indicated by the green cone) so that it is possible to monitor the electron flux behind the DUT layer with an electron-sensitive image plate (IP) stack similar as in Hidding et al. (2007) or in Galimberti et al. (2005) . Such a stack consists of image plates with a well-defined response function for electrons (Tanaka et al. 2005; Zeil et al. 2010 ) alternating with beam attenuator layers, for example, simple aluminum plates. The image plates (type: FUJI) are reusable and have a large dynamic range to be used to accumulate many shots without being overexposed so that they can be scanned after irradiation to read out the accumulated electron signal. The Monte-Carlo-type simulations similar to those used to produce Fig. 4 will then be used to reconstruct the incident electron beam flux and temperature. It is especially helpful that the electron sensitivity response of the IPs is nearly constant for electron energies >1 MeV because the proton shielding does also block <1 MeV electrons and facilitates the reconstruction of the signal incident on DUTs.
The complete stack as well as the DUT holding plate have a small hole on axis, as is indicated in Fig. 7(b) . With an exception of the front proton shielding layer, the incident on-axis fraction of the electron beam can pass the setup without being attenuated, and then enters a dipole magnet spectrometer through an mm-scale aperture to be further analyzed. Electrons are dispersed according to their energy in a permanent magnetic field and are detected by a combination of IP and scintillating screen in the detection plane. The remaining part of the electron beam is dumped in a low-Z-high-Z sandwich dump so that these electrons do not falsify the signal as recorded on the energy detection plane IP. This IP can after irradiation be scanned to give further information on the average energy distribution of shots. In addition, a calibrated scintillating screen (Buck et al. 2010) directly behind this IP is used to monitor the energy distribution and intensity and potential shot-to-shot variation online with a triggered CCD camera.
The combination of the described diagnostics enables to have full information on the incident electron flux, and to tune the electron temperature via changing the laser intensity, if necessary. Since the electron flux can be assumed to be radially symmetric, the DUTs should be placed close to the axis on concentric rings with enough space between single DUTs to allow for total flux reconstruction after irradiation by analyzing the IP stack. Finally, it should be mentioned that the temperature slightly off-axis will be slightly lower than onaxis, since the most energetic electrons are emitted in the forward direction on axis. The off-axis temperature dependency can be checked by tilting the diagnostics in the horizontal plane.
Summary
The requirements on a proof-of-principle experiment aiming to demonstrate for the first time the use of LPAs for ground-based advanced space radiation reproduction and testing of space-grade electronics have been analyzed. Radiation belt electrons mostly have exponential energy distribution, which is the inherent regime of LPA. While exponential-energy electron flux can be produced both via underdense as well as overdense interaction, for the first experiments it makes sense to concentrate on overdense interaction. Maximum radiation belt electron energies and temperatures are well in reach for standard TNSA-type interaction at laser intensities in the range of af e w1 0 18 W/cm 2 . In such a scenario, few tens of laser shots are sufficient to reproduce for the first time here on Earth with high accuracy the radiation belt fluence, which is incident on a vessel in the outer van Allen belt per day. The spectral flux change and dose deposition when passing through matter such as spacecraft shielding as well as electronic components is substantially different with monoenergetic electron beams from linacs, which are conventionally used, when compared with the LPA-generated beams with matched exponential electron temperature. The use of LPAs therefore promises much more realistic testing for these scenarios, and the development of advanced testing procedures, whereby, for example, for reproduction of the especially harsh Jovian radiation belt electron flux, various beams with varying temperature can be overlayed to approximate the actual spectrum in space. This is similar to advanced treatment plans in particle beam cancer therapy, where different types of particle beams are used to produce the best effect. Due to the initially pulsed nature of LPAgenerated electron beams, extremely high peak fluxes can be produced, which enable campaigns to determine linear radiation effect thresholds and to increase the understanding of radiation effects, whereby the peak flux can be tuned by varying the distance of sample to target due to the exponential energy and connected particle velocity distribution.
